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The  valence  and  core  level  photoelectron.spectra  of  NO  condensed  on 
various  substrates  as  obtained  by'Tonine~r  et  aj/  carPBe  successfully  explained 
using  an  NO  dimer  model  in  which  the  two  NO  moelcules  form  a  weak  N-N  bond  via 
the  2tt  orbitals  of  the  monomers,  resulting  in  a  nearly  square  geometry.  In  both 
the  0(ls)  and  N(ls)  regions  of  the  x-ray  spectrum  there  are  two  intense  peaks 
separated  by  3.4  eV.  From  general ized-valence-bond  calculations  we  find  for 
the  N(ls)  case,  that  the  peak  with  the  smaller  electron  binding  energy  arises 
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from  an  intermolecular  charge  transfer  from  one  NO  monomer  to  the  other,  while 
the  second  peak  arises  from  intramolecular  screening.  The  first  two  peaks  in 
the  valence  region,  which  have  the  smallest  binding  eneriges  and  are  separted 
by  2.6  eV,  arise  from  final  states  which  have  ^A.  and  ^B2  symmetries,  respec¬ 
tively.  The  2tt  orbitals  of  the  monomers  combineMn-phase  and  out-of-phase  to 
form  a.  and  b2  orbitals  of  the  dimer.  The  resulting  two  final  states  of  the 
dimer  depend  upon  which  orbital  is  occupied  by  the  unpaired  electron. 
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The  valence  sad  core  level  photoelectron  spectra  of  NO  condensed  on  varions 
snbstrates  as  obtained  by  Tonner  H  al^  caiTbe  sncceasfnlly  explained  asing 
aa  NO  diaer  aodel  in  which  the  two  NO  aoleenles  fora  a  weak  N~N  bond  via  the 
2iT  orbitals  of  the  aonoaers,  resaltiag  in  a  nearly  square  geometry.  In  both 
the  O(ls)  and  N(ls)  regions  of  the  x-ray  spectrna  there  are  two  intense  peaks 
separated  by  3.4  eV.  Froa  generalized-valence-bond  calculations  we  find  for 
the  N(ls)  case,  that  the  peak  with  the  smaller  electros  binding  energy  arises 

i 

froa  an  interaolecular  charge  transfer  froa  one  NO  aonoaer  to  the  other,  while 

\ 

the  second  peak  arises  from  intrsaolecular  screening.  The  first  two  peaks  in 
the  valence  region,  which  have  the  saallest  binding  energies  and  are  separated 

'  'iA/  iy/ 

by  2.C  eV,  arise  froa  final  states  which  have  and  »2  syaaetries,  respec¬ 
tively.  The  2x  orbitals  of  the  aonoaers  coabine  in-phase  sad  ont-of-phsse  to 
fora/Q^  and ^  Vrbitals  of  the  diner.  The  resulting  two  final  states  of  the 


diaen  depend  upodwhich  orbital  is  occupied  by  the  unpaired  electron 
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I.  DmtODCCTION 

Satellite  itmctnro  ire  obiirvid  la  aa  increasing  aaabtr  of  pbototlic- 
troa  spectra  (PES)  aad  arisa  froa  alectroa  corralatioa  affaeta  aot  strictly 
describable  ia  tba  aolecular-orbital  approxlaatioa.  The  electron  corralatioa 
•ffocta  raapoaaible  for  aatallite  atractarea  nay  aria*  ia  the  fiaal  atata 
(ioa)  or  tba  iaitial  atata  (aaatral)  or  botb.  Ia  tbia  papar  we  will  discuss 
tba  PES  of  eoadaaaad  aitric  oxide  (NO)  wbieb  interestingly  daaoaatrataa  tba 
affaeta  of  »l9ctxo a  corralatioa  ia  botb  tba  iaitial  and  tba  fiaal  atataa. 

Tba  experiaeatal  PES  of  eoadaaaad  NO  (10  K  to  40  K)  aa  obtaiaed  by  Toaner 
at  for  tba  waleace  ragioa  aad  tba  eora  region*  of  N(ls)  and  O(la)  are 
abowa  ia  Fig.  la  aad  lb.  reapeetiwely.  The  waleace  spectrua  was  obtained 
asing  synchrotron  radiation  aonochroaa tired  to  60  eV;  for  coapariaoa.  the  gas 
phase  data  froa  an  (a. 2a)  dipole  coincident-electron  experiment  at  aa  effec¬ 
tive  "photon"  energy  of  (0  eV  are  also  incladed  ia  Fig.  la  (solid  line). 
Except  for  tba  additional  peak  VIS2,  tba  solid  phase  spectraa  in  the  waleace 
ragioa  ia  wary  aiailar  to  the  gas  phase,  aside  froa  a  anifora  energy  shift  doe 
to  the  extra  relaxation  present  ia  the  solid  phase  (note  that  different  energy 
refereacea  are  applied  for  the  gas  phase  aad  the  solid  phase  ia  Fig.  la), 
■eaee*  ia  the  waleace  region,  we  are  aaialy  interested  in  the  origin  of  peak 
VIS2,  ackaowledging  the  other  features  are  easily  explained  as  the  ionisation 
of  2a,  So  aad  la,  aad  4o  electrons  (ia  order  of  increasing  binding  energies) 
froa  NO  ia  botb  the  solid  phase  aad  the  gas  phase.  Ia  the  N(ls)  aad  O(ls) 
core  regions  of  the  solid,  oae  obserwes  two  peaks  ia  each  case  separated  by 
S.4  eV.  Ia  contrast,  the  gas  phase  spectra  have  oaly  oae  preaiaeat  peak  ia 
each  region,  with  aaall  shoulders  (intensities  "1/3  of  aaia  peak)  due  to 
exchange  splittings*  of  l.S  aV  and  0.7  eV  ia  N(ls)  aad  0(ls),  respectively. 


Tki  differ* nee  between  the  PES  of  condensed  NO  end  that  of  gaseous  NO  is 
obviously  do*  to  tie  internolecnlsr  interaction  present  in  the  condensed 
phase.  It  is  well  known  that  NO  in  tke  solid  phase  exists  in  diaeric  fora* 
and  is  diaaagaetic.^  This  NO  diaer  has  also  bean  detected  in  the  gas  phase* 
and  in  low-teaperature  astrices.  It  is  weakly  bound  by  *>1.7  keal/aol*.  The 
strnctare  of  (N0)g  has  been  deterained  by  X-ray  crystallography*  and  by  gas- 
phase  aicrowswe  studies*  and  nay  be  characterised  by  a  weak  bond  between  th<* 
two  nitrogens  with  l^^.liA,  R^-l.ldA,  and  <NNO-99.6°.  The  weak  binding  in 
(M»2  is  reflected  is  the  structural  observations  that  in  (NO^  is  about 
the  saa*  as  in  NO  (1.1SA)  and  that  the  diner  has  a  very  long  N-N  bond  dis¬ 
tance.  However,  as  we  shall  see  below,  it  is  this  weak  bond  that  is  crucial 
to  understanding  ths  PES  of  condensed  NO. 

Calculated  results  are  based  on  correlated  wavefunctions  in  the  fraaework 

q 

of  generalized-valence-bond  (GVB)  theory.  Tke  GVB  wavefunctions,  although 
correlated,  retain  a  siaple  one-electron-like  picture  which  offers  a  siaple 
physical  description  of  the  electronic  structure. 

II.  CALCDLATIONAL  DETAILS 

The  aost  iaportant  solid-state  effect  on  the  PES  of  condensed  NO  is  the 
interaolecnlar  interaction  within  the  NO  diner.  To  a  good  approxiaation,  the 
polarisation  effects  of  ths  aediua  on  different  ion  states  nay  be  regarded  as 
a  constant  and  hence  they  will  not  change  the  spectrua  except  for  a  shift  in 
absolute  energy.  Therefor*  in  our  ealculations  w*  shall  consider  only  an  iso¬ 
lated  NO  diaer.  The  aolecular  structural  data  are  taksn  froa  the  work  of 
Kukolich*  on  gaseous  (ND)g,  which  are  perhaps  the  aost  accurate  at  present  and 
are  very  close  to  the  earlier  x-ray  crystallographic  data  of  Lipscoab;* 


bwiTir,  minor  iniitioai  of  tktu  imitrieil  piruetin  in  aot  izpictid  to 
<lui«  oar  description. 

All  electrons,  except  for  tkt  It  cores,  art  correlated  ia  ttrat  of  GVB 
pairs  ia  most  of  oar  oalealatioaa.  This  rtaalta  ia  eleven  pairs  for  the  diner, 
as  Mtb  NO  aoaoatr  ooatribatas  fire  GVB  pairs  (oat  e  bond,  oat  a  boad,  tvo 
oxygen  lone  pairs,  sad  oat  nitrogen  loae  pair),  sad  there  is  oae  pair  describ- 
iag  tbt  N-N  boad.  The  offset  of  tltetroaic  corrtlatioa  ia  describiag  the  loag 
N-N  boad  is  cracial,  aad  its  atgltct  ia  the  rtaaoa  for  the  failare  of  Hartree- 
Fock  theory  ia  prtdictiag  the  boad  length  (the  N-N  bond  length  is  too  short  by 
-0.6A).10  Inclusion  of  the  other  GVB  pairs,  although  aot  as  iaportant,  is 
▼try  helpfal  ia  revealing  the  physics  of  the  electronic  strnctare. 

o 

Calculations  vers  done  using  the  GVB2P5  program,  with  double-seta  basis 
sets  plus  d  polarisation  functions  (exponents  of  0.76  aad  0.S5  for  nitrogen 
aad  oxygen,  respectively)  of  Dunning  and  Hay.11 

III.  RESULTS  AND  DISCUSSION 

The  ground  state  NO  diner  is  calculated  to  be  slightly  unbound  by  1.6 

kcal/aole  with  respect  to  two  NO  molecules  (at  the  experimental  bond  distance 
12 

of  1.15A).  It  should  be  noted  however,  that  the  experimental  binding  energy 
of  (NDlg  is  only  1.7  kcal/aole.  Optimisation  of  the  geometries  aad  the  inclu¬ 
sion  of  higher  level  correlation  effects  should  bring  the  calculated  binding 
energy  closer  to  experiment.  The  diacrepaney  ia  not  critical  here,  however, 
beeanae  the  separations  in  the  PES  peaks  which  we  wish  to  describe  are  of  the 
order  of  S  eV  (1  aV*2l.0(  kcal/aole). 
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la  the  following,  ti  ikill  diteribi  the  ion  ititu  responsible  for  the 
PBS  of  (N0)2  by  considering  the  ionisation  energies  end  the  relative  iatensi- 
ties. 

A.  Ionisation  Energies 

First,  consider  the  lowest  N(la)  core  hole  stete  NISI.  The  wavefunction 

is  obtsined  in  the  presence  of  s  localised  core  hole.  This  redaction  in  sya- 

aetry  of  the  wsyefnnction  for  core  hole  states  is  not  e  serions  problen  (e.g., 

13 

the  splitting  for  the  g  end  n  core-hole  ststes  in  N2  is  less  then  0.1  eV  ), 
end  yields  srach  more  sccnrate  ionisation  energies  than  calculations  based  on 
syaaetry  orbitals. 

The  two  GVB  orbitals  which  fora  the  weak  N-N  bond  in  the  nentrsl  ground 
state  (GS)  are  shown  in  Fig.  2s;  the  bond  is  described  by  a  valence-bond  like 

wave  function:  (#  f  *  ft  )  (afi  -  pa).  On  ionisation  of  a  Nils)  electron. 

I  D  D  ft 

these  orbitals  bscoae  anch  like  s  lone  pair  localised  on  the  nitrogen  contain¬ 
ing  the  core  hole  (the  nitrogen  on  the  left),  as  is  clear  in  Fig.  2b.  In 
fact,  the  aononer  with  the  core  hole  effectively  reseables  an  escited  state  of 
the  02  aolecnle,  dne  to  an  lnteraoleculsr  charge  transfer  froa  the  other  aono- 
aer  which  now  reseables  an  N2  aolecnle  in  the  valence  region.  Scheaatically. 
the  GVB  wavefnactions  for  GS  and  NISI  are  shown  in  Fig.  3a  and  3b,  respec¬ 
tively,  to  illustrate  the  charge  transfer  (froa  right  to  left)  and  the  elec¬ 
tronic  reorganisation. 

The  second  peak,  NIS2,  results  froa  intreaoleculsr  screening  (i.e.. 
screening  within  the  one  NO  aolecnle  of  the  diaer  which  has  the  core  hole 
localised  on  it).  The  GVB  wavefunction  for  this  intraaoleculsrlv  screened 


•tat*  is  obtained  by  triplet  coupling  of  the  two  orbitals  originally  forming 
the  N-N  bond  (the  wave  function  is  still  a  doublet  by  properly  coupling  the 
N(la)  orbital).  The  energy  splitting  between  NISI  and  NIS2  is  calculated  to 
be  3.7  eV,  in  comparison  with  the  experimental  3.4  eV. 

In  the  O(la)  region,  the  GVB  wavefnnetion  in  the  walence  region  for  the 
lowest  hole  state  OXS1  is  quite  different  from  that  for  NISI.  As  shown  in 
fig.  2c.  the  two  orbitals  orginally  forming  the  N-N  bond  in  the  GS  still 
retain  this  character  and  there  is  no  internolecnlar  charge  transfer  of  the 
kind  encountered  earlier  in  NISI  (cf.  Fig.  2b).  The  second  peak,  OIS2 ,  like 
NIS2,  is  characterised  as  dominantly  triplet-coupling  of  the  two  N  2n  elec¬ 
trons  originally  involved  in  the  N-N  bond  of  (NO)^.  The  energy  separation 
between  OIS1  and  OIS2  is  obtained  from  a  simple  configuration-interaction  (Cl) 
calculation  using  three  orbitals  (O(ls)  and  N-N  bond  pair)  of  the  OIS1  GVB 
wavefnnetion,  and  is  found  to  be  3.3  eV.  which  may  be  compared  with  the  exper¬ 
imental  separation  of  3.4  eV.  Internolecnlar  charge  transfer  between  the  two 
0  atoms  does  not  occur  in  this  case  because  the  n-bond  (perpendicular  to  the 
dimer  plane)  of  the  donor  would  have  to  be  disrupted  at  great  energy. 

In  the  valence  region,  it  is  more  convenient  to  use  symmetry-restricted 

(Cj?)  wavef unctions.  It  turns  out  that  the  first  two  peaks  (cf.  Fig.  la)  are 

both  derived  from  ionisations  of  an  electron  out  of  the  N-N  bond,  with  the 

remaining  electron  in  a  bonding  •1  orbital  for  the  main  peak  VIS1  (  Aj)  and  in 

2 

•a  anti-bonding  bj  orbital  for  the  second  peak  VIS2  (  B^) .  The  energy 

2  2 

separation  between  the  A^  and  the  ion  states  at  this  level  of  approxima¬ 
tion  is  2.7  •▼,  which  may  be  compared  with  the  experimental  value  of  2.(  eV. 
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B.  Iatmltiit 

The  intensities  of  the  PES  peaks  alao  contain  Talaeble  iaforaation  on  the 
wavefsactioas  of  the  loa  etatea  and  the  neutral  parent.  Thu a  far  we  have  dis- 
eveaed  the  poaitiona  of  the  ioniiation  peaka  which  are  in  reaaonable  agreement 
with  experiaent.  However,  onr  deacriptiona  could  not  be  conaidered  correct  if 
the  relative  intenaitiea  could  not  be  accounted  for.  In  the  following,  we 
ahall  provide  onalitative  arguments  concerning  the  intenaitiea  in  anpport  of 
onr  deacription  of  the  PES. 

The  relative  intensity  Ij/I^  of  ion  atate  i  relative  to  ion  atate  j  in 
the  andden  approx inat ion1*  ia 

i i  i<  »;  i  *“  >il 

m  1 _ i _  (1) 

•j  i<  t)  i  r  >iJ 

where  ^  and  ^  are  the  appropriate  electron  annihilation  operatora  operating 
on  the  wavefnnction  f0  of  the  nentral  parent,  and  ¥*  and  f  * ,  are  the  calcu¬ 
lated  self-consistent  wavefnnctiona  of  ion  states  i  and  j,  respectively. 

Instead  of  evaluating  Eq.  1  rigorously  using  onr  calculated  wavefunc- 
tions.  we  shall  focus  only  on  the  few  orbitals  that  change  shape  or  spin  cou¬ 
pling  woat  drastically  in  the  ion  states,  and  thus  assuae  all  other  orbitals 
have  no  effect  ia  the  overlap  integral. 

The  two  O(la)  ion  states  0IS1  and  OIS2  differ  aainly  in  the  spin  cou¬ 
plings  of  the  two  2a-like  orbitals  shown  ia  Pig.  2c.  Ia  OIS1  they  are  predom¬ 
inantly  singlet  coupled  and  in  0ZS2  they  are  predoainantly  triplet  coupled. 
The  weights  of  singlet  and  triplet  couplings  in  each  state  are  easily  obtained 
froa  the  Cl  wave function a.  Within  the  present  epproxiaatioa  only  singlet  con- 
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pling  gives  aoa-xero  orirlip  with  the  OS.  An  intensity  ratio  of  0.05  la 
predicted  for  OIS2  relative  to  0IS1 .  The  aoarce  of  aixiag  between  the  aiaglet 
aad  triplet  coapliaga  ia  each  atate  ia  the  intramolecular  eoapliag  of  the 
0(la)  aad  the  2n-like  orbital*. 

The  relative  iateaaities  for  NISI  aad  NIS2  may  be  aaderatood  similarly. 
However ,  as  iadicated  ia  Fig.  3,  there  are  drastic  rearraagemeats  of  the  orbi¬ 
tals  betveea  these  two  states.  Therefore,  the  weights  of  the  siaglet  aad  the 
triplet  coapllags  involving  the  2n-like  orbitals  caanot  be  accurately  deter- 
aiaed  frost  a  small  Cl  calcalatioa  using  one  common  set  of  orbitals.  Nonethe¬ 
less,  the  intensity  of  NIS2  relative  to  NISI  is  expected  to  be  larger  than  the 
intensity  of  OIS2  relative  to  0IS1  because  the  overlap  between  GS  and  the 
singlet  coupled  wavefunction  NISI  is  smaller  due  to  orbital  rearrangements 
(cf.  Fig.  3).  and  this  "lost"  intensity  in  NISI  appears  in  NIS2. 

2 

la  the  valence  region,  we  have  assigned  VIS1  and  VIS2  as  the  A^  and  the 

2  1 
Bj  ioa  states,  respectively.  The  neutral  ground  state  GS  is  A^.  In  the 

2 

molecular- orbital  (MO)  approx imat ioa,  only  the  A^  state  is  expected  if  the  NO 
dimer  is  bonded  via  aa  orbital  derived  from  the  2n  orbitals  of  the  NO  mono¬ 
mers.  As  meatioaed  earlier,  the  single-determinant  MO  wavefunction  does  not 
properly  describe  the  long  N-N  bond.  The  GVB  description  for  this  bond, 
expressed  ia  terms  of  MO ’ s  (s^  and  b^) ,  is 

-  *«>l  -  X1la1a1o?|  -  X2lb2b2apl  .  (2) 

where  and  Xj  are  the  occupation  numbers  for  orbitals  *2  and  b2,  respec¬ 
tively.  Ia  the  usual  restricted  Hartree-Fock  method,  is  xero.  The  closer 
X2  ia  to  X2>  the  more  biradical-liks  (non-bonding)  the  system  is.  It  is  clear 
from  Eq.  2  that  the  occupation  of  the  b2  N-N  anti-bonding  orbital  ia  the  GS  is 
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ths  reason  for  the  observation  of  VXS2.  Namely,  the  intensity  of  2b^  relative 
2  2 

to  ia  (Xj  /  Xj)  .  as  suing  the  natural  orbitals  (MO' a)  a^  aad  in  the 

ion  states  aad  the  neutral  ground  state  are  the  same.  The  calculated  values 
for  Xj  and  X^  are  0.22  aad  0.78  respectively,  from  which  the  intensity  ratio 
Of  0.13  is  predicted,  consistent  with  the  experiment.  The  two-peak  feature 
here  is  an  example  of  both  the  initial-state  aad  th  final-state  effects. 
Furthermore,  VIS2  is  broader  because  of  the  repulsi'  potential  due  to  the 
occupation  of  the  b2  anti-bonding  orbital  in  the  ion. 

IV.  SUMMARY 

The  experimental  PES  of  solid  NO  in  both  the  valence  and  core  regions 
have  been  successfully  explained  here  using  an  NO  dimer  model.  The  satellite 
structures  are  basically  due  to  the  presence  of  the  weak  N-N  bond  in  the  neu¬ 
tral  diner.  In  the  valence  region,  the  two  peaks  VIS1  and  VIS2  both  result 
from  the  ionization  of  an  electron  from  the  N-N  bond.  In  the  N(ls)  region. 
NISI  is  characterized  by  intermolecular  charge  transfer  which  is  absent  in 
NIS2.  The  two  peaks  in  the  0(ls)  region  OIS1  and  OIS2  also  do  not  involve  the 
Intermolecular  charge  transfer.  Their  splitting  is  due  primarily  to  spin¬ 
coupling  effects. 

The  mechanism  of  intermolecular  charge  transfer  is  interesting  and  is 
expected  to  occur  in  other  similar  situations  in  which  weak  bond(s)  may  form 
between  neighbors.  Bonding  is  necessary  for  intensity  reasons.  But  if  the 
bond  is  very  strong,  then  there  is  usually  no  satellite  structure  associated 
with  it.  A  qualitative  description  of  the  energetics  aad  intensity  of  this 
type  of  charge  transfer  has  been  given  in  the  present  paper.  A  more  quant ita- 
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Figure  Caption* 

Figure  1 

Photoelectron  spectre  of  NO.*  (s)  Faience  region  at  <0  eV  photon  energy. 
Solid  phase  (dashed  line)  is  referenced  to  snbstrate  Feral  energy;  gas  phase 
(solid  line,  fro*  lef.  2)  is  referenced  to  vaenna  energy,  (b)  Oxygen  Is  and 
Nitrogen  Is  regions  for  solid  NO  on  polycrystalline  gold.  Energies  are  rela¬ 
tive  to  An  Feral  energy. 

Fignre  2 

GVB  orbital  contonr  plots  of  the  2n-derived  valence  orbitals.  (a)  The  two 
orbitals  describing  the  N-N  bond  in  the  nentral  ground  state,  (b)  The  two 
corresponding  orbitals  in  the  chsrge-transfer  N(ls)  ion  state  NISI  shoving 
interaolecnlar  charge  transfer  to  the  left  N  atoa  where  the  core  hole  it 
localised,  (c)  The  two  corresponding  orbitals  in  the  O(ls)  ion  state  OIS1 . 

Fignre  3 

Scheaatic  representations  of  the  vave  function*  for  (a)  the  nentral  ground 
state  of  the  NO  diner;  (b)  the  charge-transfer  N(ls)  ion  state  NISI,  in  which 
the  core  hole  is  localized  on  the  left.  The  lines  connecting  pairs  of  orbi¬ 
tals  represent  bonds  between  these  orbitals.  The  single  eegaent  lines 
represent  o-bonds  (and  in  the  case  of  the  aonoaer  on  the  right  in  (b) —  a  n- 
bond);  the  three-eegaent  lines  represent  n-bonds  between  p^  orbitals.  Pairs 
of  orbitals  containing  one  electron  (denoted  by  a  dot)  fora  covalent  electron- 
pair  bonds.  Orbitals  containing  two  electrons  (i.e.,  two  dots)  are  lone  pairs 
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•»4  in  aea-boadiag.  Not.  tkat  la  tk.  ■«»««  oa  tkt  rlgkt  of  <b>  tkat  a  tri- 
Vl«  boad  (two  *-boad»  aad  a  e-boad)  raaaabliag  tha  boadiag  of  tfca  Nj  aolacale 

la  foaad. 
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